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NITRIDE SEMICONDUCTOR TEMPLATE
AND LIGHT-EMITTING DIODE

The present application 1s based on Japanese patent appli-
cation Nos. 2011-274222 and 2012-250072 filed on Dec. 13,

2011 and Nov. 14, 2012, respectively, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The 1nvention relates to a nitride semiconductor template
and a light-emitting diode using the nitride semiconductor
template.

2. Description of the Related Art

Nitride-based compound semiconductors such as gallium
nitride (GaN), aluminum galllum nitride (AlGaN) and
indium gallium nitride (InGalN) have received attention as a
light-emitting element material capable of emitting light from
red to ultraviolet. One of crystal growth methods of such
nitride semiconductor maternials 1s a Hydrnide Vapor Phase
Epitaxy (HVPE) method 1n which metal chloride gas and
ammonia are used as raw materials.

The HVPE method 1s characterized 1n that 1t 1s possible to
obtain a growth rate of not less than 10 um/hr and not more
than 100 um/hr which 1s much faster than a typical growth rate
of several um/hr obtained by other growth methods (Metal-
Organic Vapor Phase Epitaxy (MOVPE) method or Molecu-
lar Beam Epitaxy (MBE) method). Therefore, the HVPE
method 1s often used for manufacturing a GaN free-standing
substrate (see Japanese Patent Application No. 3886341) or
an AIN free-standing substrate. The “Iree-standing substrate™
here refers to a substrate which can maintain 1ts shape and has
a strength which does not cause inconvemence for handling.

Meanwhile, a light-emitting diode (LED) made of nitride
semiconductor 1s generally formed on a sapphire substrate.
For the crystal growth thereof a bufler layer 1s formed on a
surface of the sapphire substrate, a thick GaN layer of about
10 to 15 um including an n-layer 1s subsequently grown
thereon, and then, a light-emitting layer of InGaN/GaN mul-
tiple quantum well (total thickness of several hundred nm)
and p-layer (thickness of 200 to 300 nm) are grown thereon 1n
this order. The reason why the GaN layer under the light-
emitting layer 1s thick 1s, e.g., to improve crystalline charac-
teristics ol GalN on the sapphire substrate. After that, elec-
trodes, etc., are formed, thereby eventually forming a below-
described element structure shown in FIG. 4. In case of
growing by the MOVPE method, the crystal growth process
typically takes about 6 hours, about half of which 1s time
required for growing the GaNN layer, called template, formed
under the light-emitting layer.

Based on the above, 1t 1s possible to significantly reduce
growth time and thus to drastically reduce the manufacturing
cost of LED water if the HVPE method providing a consid-
erably fast growth rate can be applied to growth of a template
portion.

Meanwhile, for example, JP-A2002-280611 1s amethod of
improving light extraction etficiency by reducing optical con-
finement 1 a semiconductor light-emitting element (light-
emitting diode).

In JP-A 2002-280611, a first layer 1s embossing-processed
to increase light extraction efficiency, thereby enhancing
brightness. Meanwhile, in JP-A 2005-183997, the same
elfect 1s obtained by an embossing process on a substrate. In
JP-A 2005-183997, so called PSS (Patterned Sapphire Sub-
strate) 1s used to increase light extraction efficiency and
thereby to enhance brightness.
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Meanwhile, the template portion needs to have low resis-
tance since 1t 1s a portion where electric current flows 1n a

horizontal direction. This 1s required because drive voltage
(forward voltage) of LED increases unless resistance 1s low.
That1s, the template portion 1s an important portion which has
a function of reducing defects in an active layer by improving
crystalline characteristics to enhance internal quantum effi-
ciency and a function of reducing forward voltage.

SUMMARY OF THE INVENTION

A typical method of reducing resistance 1s to increase a
carrier concentration by increasing an amount of impurity to
be added. In this method, the amount of impurity to be added
1s increased to increase the carrier concentration of an upper
portion of the uppermost layer of the mitride semiconductor
template portion. However, increasing the amount of impu-
rity added to the uppermost layer deteriorates crystalline
characteristics, which results 1n a decrease in brightness of the
light-emitting diode. Here, 1in general, a half-value width
(FWHM) at a (0004 ) plane by X-ray diffraction (XRD) mea-
surement (hereinafter, referred to as “XRD half-value width™)
1s use as an index of crystalline characteristics. In addition,
when the impurity amount 1s large, brightness 1s reduced due
to dopant diffusion into a light-emitting portion, especially
into an active layer, formed on the template and rehability
decreases due to the dopant diffusion. Therefore, 1t 1s desir-
able that the mitride semiconductor template have good crys-
talline characteristics and low resistance.

However, 1n order to reduce resistance, it 1s necessary to
add a certain amount of impurity. If the impurity 1s increased
to increase the carrier concentration, the impurity in the
nitride semiconductor template 1s diffused into the light-emait-
ting layer during growth of the light-emitting layer portion by
the MOVPE method performed later on, which decreases
reliability as LED.

In the present specification and claims attached, “a nitride
semiconductor template” or simply “a template” means to
include a substrate as well as a nitride semiconductor layer,
such as GalN layer or bufler layer, formed under the light-
emitting layer. In addition, the above-mentioned template
portion means a nitride semiconductor layer in “the nitride
semiconductor template”.

It 1s an object of the mvention to provide a nmitride semi-
conductor template having low resistance and good crystal-
line charactenistics, and a light-emitting diode using the
nitride semiconductor template.

As aresult of intense study to achieve the above-mentioned
object, the mventors found that 1sland growth in the initial
growth allows dislocation density to be reduced. In addition,
it was found that planes with various orientations appear
during the 1sland growth and, when an inclined surface is
present, doping eificiency of O (oxygen) 1s good. In other
words, 1t 1s possible to reduce the amount of additive as a
cause ol defect formation by the finding good doping effi-
ciency. Accordingly, O (oxygen) as an n-type additive can be
added 1n a good condition without deterioration of crystalline
characteristics, and 1t 1s thus possible to reduce resistance to
some extent. It 1s possible to further reduce the amount of
additive which 1s actively added to the n-type doped layer,
thereby reducing dislocation density. It was also found that
crystalline characteristics of the light-emitting portion
formed on the template 1s improved when, 1n addition to the
above method, an impurity concentration of the uppermost
portion of the GaN layer as the outermost layer of the tem-
plate to be doped with an n-type carrier decreases toward the
outermost surface 1n a gradient manner, and the light-emitting




US 8,829,489 B2

3

diode manufactured using the template can achieve high
brightness. Furthermore, in the light-emitting diode manufac-
tured using the template having such a structure, deterioration
due to dopant diffusion from the template does not occur,
hence, high reliability.

In other words, a template for nitride semiconductor light-
emitting element with less defects, low resistance and less

[ 1

dopant diffusion was successiully provided using the HVPE
method. As a result, it 1s possible to manufacture a light-
emitting diode with high brightness and excellent 1n reliabil-
ity at low cost.

(1) According to one embodiment of the invention, a nitride
semiconductor template comprises:

a substrate; and

a group I1II nitride semiconductor layer formed on the sub-
strate and comprising a Si-doped layer doped with S1 as an
uppermost layer thereof,

wherein the group III mitride semiconductor layer has a
total thickness of not less than 4 um and not more than 10 um,
and

wherein the Si-doped layer comprises a Si1 concentration
gradient layer having a carrier concentration that gradually
decreases toward an outermost surface thereot so as to be not
less than 1x10"” cm™ and not more than 5x10"’ cm™ at the
outermost surface of the group III nitride semiconductor
layer.

In the above embodiment (1) of the invention, the follow-
ing modifications and changes can be made.

(1) The group III mitride semiconductor layer comprises an
O-doped layer doped with O (oxygen) between the substrate
and the Si-doped layer.

(1) The O-doped layer has an O-impurity concentration of
not less than 1x10'° cm™ and not more than 3x10"” cm™ and
an average carrier concentration in a thickness direction of
not less than 8x10"” cm™ and not more than 1x10™ cm™.

(111) The Si-doped layer comprises a high S1 concentration
layer having a uniform carrier concentration in a thickness
direction, and

wherein the Si1 concentration gradient layer has a carrier
concentration that gradually decreases from the high Si1 con-
centration layer toward the outermost surface,

(1v) The carrier concentration of the high S1 concentration
layer is not less than 1x10"” cm™ and not more than 1x10"”
cm™.

(v) The substrate comprises a PSS (Patterned Sapphire
Substrate) comprising a plurality of convex portions on a
surface thereol.

(v1) The nitride semiconductor template has a surface resis-
tivity of not less than 10 £2/sq and not more than 30 £2/sq.

(vi1) The nitride semiconductor template has a half-value
width ata (0004) plane of not more than 100 seconds by X-ray
diffraction measurement.

(2) According to another embodiment of the invention, a
light-emitting diode comprises:

a sapphire substrate;

an AIN buller layer formed on the sapphire substrate;

an n-type group III mitride semiconductor layer formed on
the AIN butler layer;

a multiple quantum well layer formed on the n-type group
I1I nitride semiconductor layer;

a p-type nitride semiconductor layer formed on the mul-
tiple quantum well layer;

an exposed portion of the n-type group 111 nitride semicon-
ductor layer formed by etching from the p-type nitride semi-
conductor layer to the n-type group II nitride semiconductor
layer;
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4

an n-type electrode formed on the exposed portion of the
n-type group III nitride semiconductor layer; and

a p-type electrode formed on the p-type nitride semicon-
ductor layer,

wherein the n-type group 11l nitride semiconductor layer
comprises a group 111 nitride semiconductor layer comprising
a S1-doped layer doped with S1 as an uppermost layer thereof,

wherein the group III mitride semiconductor layer has a
total thickness ol not less than 4 um and not more than 10 um,
and

wherein the Si-doped layer comprises a S1 concentration
gradient layer having a carrier concentration that gradually
decreases toward an outermost surface thereot so as to be not
less than 1x10"” cm™ and not more than 5x10'” cm™ at the
outermost surface of the group III nitride semiconductor
layer.

The epitaxial layer of the group II nitride semiconductor

layer may include two or more dopants therein. The group 111
nitride semiconductor layer may include GalN as a main com-
ponent. In the nitride semiconductor template, an AIN butier
layer may be preferably formed between the layer including
GaN as the main component. The AIN buffer layer may
preferably have a thickness of not less than 10 nm and not
more than 100 nm.

The substrate may use the PSS substrate with convex por-
tions on the surface or a planar substrate without the convex
portions on the surface. Even 1n using the planar substrate, the
same effects can be obtained by the 1nitial 1sland growth. In
case of using as the substrate the PSS substrate with the
convex portions on the surface, the half-value width at a
(0004) plane by X-ray diffraction measurement may be prei-
erably not more than 100 seconds. In case of using as the
substrate the planar substrate without the convex portions on
the surface, the half-value width at a (0004) plane by X-ray
diffraction measurement may be preferably not more than
300 seconds. The pitch p of the convex portions may be
preferably not less than 0.5 um and not more than 6.0 um, and
the height h of the convex portion may be preferably not less
than 0.5 pm and not more than 3.0 um,

The group III nitride semiconductor layer may be prefer-
ably grown by the HVPE (hydnide vapor phase epitaxy)
method. The butler layer may be grown by the other method
than the HVPE method. The group III nitride semiconductor
layer may be preferably grown at a growth rate of 30 to 300

wim/ hr.

Eftects of the Invention

According to one embodiment of the ivention, where a
substrate (PSS substrate) with convex portions formed on a
surface thereot 1s used as a substrate, 1t 1s possible to provide
a nitride semiconductor template having low resistance (sur-
face resistivity of not more than 30 £2/sq) and good crystalline
characteristics (XRD half-value width of not less than 50
seconds and not more than 100 seconds), and a light-emitting
diode using thereof. In addition, 1n case of using a planar
substrate not having convex portions on a surface thereof (a
substrate other than the PSS substrate), it 1s possible to pro-
vide a nitride semiconductor template having low resistance
(surface resistivity of not more than 30 £2/sq) and good crys-
talline characteristics (XRD half-value width of not less than
50 seconds and not more than 300 seconds), and a light-
emitting diode using thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

Next, the present invention will be explained in more detail
in conjunction with appended drawings, wherein:
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FIG. 1A 1s a cross sectional view showing a nitride semi-
conductor template in a first embodiment of the present
invention and FIG. 1B 1s a principal-portion cross sectional
view showing a surface state of a substrate;

FIG. 2A 1s a cross sectional view showing a nitride semi-
conductor template 1n a second embodiment of the invention
and FI1G. 2B 1s a principal-portion cross sectional view show-
ing a surface state of a substrate;

FIG. 3 1s a cross sectional view showing a light-emitting
diode epitaxial water in a third embodiment of the invention;

FIG. 4 1s a cross sectional view showing a light-emitting
diode 1n a fourth embodiment of the invention;

FI1G. 5 1s a schematic view showing a structural example of
an HVPE apparatus in Examples;

FIG. 6 1s a diagram 1llustrating a profile of an O (oxygen)
concentration 1 a GalN layer of Example 1 by SIMS (Sec-
ondary Ion Mass Spectrometry);

FIG. 7 1s a diagram 1llustrating a profile of a S1 (silicon)
concentration 1n the GaN layer of Example 1 by SIMS (Sec-
ondary Ion Mass Spectrometry);

FIG. 8 1s a graph showing a relation between a film thick-
ness of an AIN bufler layer and a XRD half-value width in
Example 1;

FIG. 9 1s a profile showing a SIMS (Secondary Ion Mass
Spectrometry) result of a Cl concentration 1n the nitride semi-

conductor template of Example 1;

FIG. 10 1s a schematic view showing a S1 concentration in
Modification 1;

FIG. 11 1s a diagram 1illustrating a profile of S1 (silicon) in
a GaN layer of Comparative Example 1 by SIMS;

FIG. 12 1s a cross sectional view showing a nitride semi-
conductor template in Comparative Example 1; and

FIG. 13 1s a cross sectional view showing a nitride semi-
conductor template in Comparative Example 3.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the invention will be described below 1n
reference to the drawings. It should be noted that constituent
clements having substantially the same functions are denoted
by the same reference numerals 1n each drawing and the
overlapping explanation thereot will be omatted.

Summary of the Embodiment

A nitride semiconductor template 1n the present embodi-
ments 1s provided with a substrate and a group III nitride
semiconductor layer formed on the substrate and having a
Si1-doped layer as the outermost layer to which S1 1s added,
wherein the group III nitride semiconductor layer has a total
thickness of not less than 4 um and not more than 10 um, and
the S1-doped layer has a S1 concentration gradient layer hav-
ing a carrier concentration which gradually decreases toward
an outermost surface so as to be not less than 1x10'” cm™ and
not more than 5x10"" cm™ at the outermost surface of the
group III nitride semiconductor layer.

The nitride semiconductor template 1s composed of a het-
ero-substrate and plural nitride semiconductor layers which
are formed on the hetero-substrate and are each formed of a
material similar to each other but different from the materal
of the hetero-substrate. Since the group III nitride semicon-
ductor layer has the total thickness of not less than 4 um and
not more than 10 um and the carrier concentration in the Si
concentration gradient layer of the Si-doped layer gradually
decreases toward the outermost surface so as to be not less
than 1x10'” cm™ and not more than 5x10'” cm™ at the out-
ermost surface, it 1s possible to reduce resistance and thus to
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6

provide good crystalline characteristics. A light-emitting
diode using this mitride semiconductor template has an
improved reliability.

First Embodiment

FIG. 1A 1s a cross sectional view showing a nitride semi-
conductor template in a first embodiment of the invention and
FIG. 1B 1s a principal-portion cross sectional view showing a
surface state of a substrate.

A nitride semiconductor template 10 has a sapphire sub-
strate with a patterned surface, 1.e., a PSS (Patterned Sapphire
Substrate) 11, and an AIN buifer layer 12 as a buflfer layer
formed on the PSS substrate 11, an O-doped GaN layer 13 as
a first layer which 1s an O-doped layer doped with O (oxygen)
and 1s formed on the AIN butier layer 12, and a Si-doped GaN
layer 14 as a second layer (the uppermost layer) which 1s a
Si1-doped layer doped with silicon (S1) and 1s formed on the

O-doped GaN layer 13.

The Si-doped GaN layer 14 i1s provided with a lugh S1
concentration layer 14aq having a region in which a carrier
concentration 1s uniform in a thickness direction, and a Si1
concentration gradient layer 145 having a carrier concentra-
tion which gradually decreases from the high Si concentra-
tion layer 14a toward the outermost surface. The O-doped
GaN layer 13 and the S1-doped GaN layer 14 are examples of
the group III nitride semiconductor layer (nitride semicon-
ductor template portion).

From the viewpoint of reducing dislocation density due to
1sland growth, the PSS substrate 11 has plural convex portions
115 on a surface 11a as shown 1n FIG. 1B. A preferred pitch
of the convex portions 115 1s 0.5 to 6.0 um. In addition, a
height h of the convex portion 115 1s preferably 0.5 to 3.0 um,
and more preferably 0.8 to 2.5 um. The convex portion 115
only needs to have a convex shape and may be, e.g., a pyramid
shape, a circular cone shape or a hemispherical shape. The
meaning ol the numerical range of the convex portion 1156
will be described later.

From the viewpoint of reducing crystal defects, a preferred
f1lm thickness of the AIN buffer layer 12 1s 10 to 100 nm. The
meaning of the numerical range of the film thickness will be
described later.

From the viewpoint of crystalline characteristics and
reduction of resistance, the total thickness of the first and
second GaN layers (the O-doped GaN layer 13 and the Si-
doped GaN layer 14) 1s preferably not less than 4 um and not
more than 10 um, and more preferably not less than 5 um and
not more than 9 um. In addition, from the viewpoint of reduc-
ing operating voltage, etc., surface resistivity of the entire
nitride semiconductor template 10 (the entire ep1 layer) 1s
preferably not less than 10 €2/sq and not more than 30 £2/sq.

From the wviewpoint of crystalline characteristics and
reduction of resistance, an O (oxygen) impurity 1n the
O-doped GaN layer 13 is preferably from 1x10'° cm™ to
3x10" cm™, and more preferably from 0.9x10"® cm™ to
3x10'” cm™ . Particularly, the maximum concentration of the
O (oxygen) impurity contained in the O-doped GaN layer 13
is preferably from 0.9x10'® to 3x10" c¢m™. The average
carrier concentration of the O-doped GaNN layer 13 1s prefer-
ably from 8x10"" cm™ to 1x10"° cm™.

From the wviewpoint of crystalline characteristics and
reduction of resistance, a carrier concentration of the high Si
concentration layer 14a is preferably from 1x10'" cm™ to
110" cm™, and more preferably from 1x10'® cm™ to
4x10*® cm™,

The carrier concentration on the outermost surface of the S1
concentration gradient layer 145 is preferably from 1x10"’
cm™ to 5x10'” ¢cm™ from the viewpoint of crystalline char-
acteristics, reduction of resistance, and reduction of operating
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voltage and rehability after completing a light-emitting
diode. This 1s because, 1 the carrier concentration 1s too low,
resistance increases between the Si1 concentration gradient
layer 14b and an n-type nitride semiconductor layer to be
grown on the nitride semiconductor template, which
increases drive voltage, so-called forward voltage, for oper-
ating the light-emitting diode.

The film thickness of the Si concentration gradient layer
145 1s preferably from 0.3 pm to 1.5 um, and more preferably
from 0.5 um to 1.0 pm from the viewpoint of reduction of
resistance, and reduction of operating voltage and enhance-
ment of reliability after completing a light-emitting diode.

Meaning of Numerical Range of Convex Portion of Sub-
strate

When the pitch p of the convex portions 115 on the surface
of the PSS substrate 11 1s too narrow, a half-value width
(FWHM) at a (0004) plane by X-ray diffraction (XRD) (here-
inafter, referred to as “XRD half-value width) which 1s an
index of crystalline characteristics is less likely to be narrow.
In other words, 1t 1s difficult to improve crystalline character-
istics. The cause thereof 1s that initial 1sland growth 1s reduced
and flattening occurs rapidly. Meanwhile, when the pitch p of
the convex portions 115 1s too large, pits are likely to be
generated. The pitis a cause of deteriorating characteristics of
the light-emitting diode which 1s manufactured later on.

When the height h of the convex portion 1s too low, the
XRD half-value width 1s less likely to be narrow. This 1s
because the same effect as during the 1sland growth occurs
when the height h of the convex portion 115 1s higher. Con-
versely, when the height h of the convex portion 115 1s too
high, flattening 1s less likely to occur and the pits are thus
likely to be generated. Accordingly, 1t 1s necessary to grow a
thick film 1n order to eliminate the pits. The large film thick-
ness causes a problem of increasing warping of a water. If the
film thickness 1s further increased, crystal 1s broken. This
means that cracks are generated 1n the epi layer, and it 1s an
influence of lattice mismatch with the PSS substrate 11 as a
hetero-substrate.

Theretfore, the pitch p of the convex portions 115 1s pret-
erably from 0.5 to 6.0 um, and more preferably from 1.0to0 5.0
um. In addition, the height h of the convex portion 115 1s
preferably from 0.5 to 3.0 um, and more preferably from 0.8
to 2.5 um.

Meaning of Numerical Range of AIN Builer Layer

If the AIN butfer layer 12 is too thin or too thick, the XRD
half-value width as an index of crystalline characteristics
tends to be wide due to an increase 1n the number of crystal
defects. In other words, the crystalline characteristics tend to
decrease. Especially when the AIN buffer layer 12 1s too thin,
it 1s difficult to grow the O-doped GaN layer 13 thereon.
Theretore, the film thickness of the AIN butler layer 12 needs
to be at the above-mentioned approprate level.

Meaning of Numerical Range of Film Thickness

Following 1s the reason for defining the total thickness of
the O-doped GaN layer 13 as the first layer and the Si-doped
GaN layer 14 as the second layer. If the total thickness of the
O-doped GaN layer 13 as the first layer and the Si1-doped GalN
layer 14 as the second layer 1s smaller than 4 um, a problem
arises 1n that pit-shaped recesses are formed on the surface. In
addition, 1t 1s difficult to reduce resistance unless a high
concentration of additive 1s added. That 1s, 1t 1s not possible to
manufacture a semiconductor light-emitting element (light-
emitting diode) in which forward voltage as drive voltage 1s
suificiently low. It 1s possible to reduce resistance 11 the car-
rier concentration 1s increased by increasing the amount of
additive 1n order to sutficiently reduce forward voltage, how-
ever, the increase 1n the amount of additive deteriorates crys-
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talline characteristics and 1t 1s thus not possible to manufac-
ture a semiconductor light-emitting element (light-emitting
diode) with high brightness. The XRD half-value width
which 1s 300 seconds 1n a planar substrate and greater than
100 seconds in the PSS substrate also shows that many
defects are present.

On the other hand, 1f the total thickness of the O-doped
GaN layer 13 and the Si-doped GaN layer 14 1s greater than
10 um, there 1s a problem that cracks are generated 1n the epi
layer since the substrate and the ep1 layer are formed of
different materials. It 1s obvious that the nitride semiconduc-
tor template with cracks cannot be used for a semiconductor
light-emitting element (light-emitting diode). However, 1t 1s
possible to suppress cracks if growth conditions, etc., are
changed somehow. Therefore, under certain growth condi-
tions, 1t 1s possible to reduce resistance to prevent forward
voltage from rising without increasing the amount of additive,
1.€., without increasing the carrier concentration. In addition,
it 1s possible to improve crystalline characteristics. In other
words, 1t 1s possible to narrow the XRD half-value width and
it 1s thus possible to manufacture a mitride semiconductor
template for semiconductor light-emitting element (light-
emitting diode) which has good crystalline characteristics.
However, a large film thickness causes a problem 1n that
warping ol a waler increases. The cause of the warping 1s that
the substrate and the epi1 layer are formed of different mate-
rials. Large warping of the template causes a problem 1in the
growth of the light-emitting portion which 1s grown on the
template. The problem 1s, e.g., a decrease 1n light emission
output. In addition, in-plane distribution of emission wave-
length of the semiconductor light-emitting element (light-
emitting diode) 1s deteriorated due to the influence of the
warping, which causes a decrease 1 a yield. This occurs
because a concentration of In used 1n an MQW layer as an
active layer becomes non-uniform 1n a plane due to the warp-
ing of the template. Furthermore, there i1s a problem that more
manufacturing cost 1s obviously required to increase the film
thickness.

If the S1 concentration gradient layer 1456 1s too thick,
forward voltage becomes high after completing the semicon-
ductor light-emitting element (light-emitting diode). This 1s
caused by an increase 1n series resistance. If the S1 concen-
tration gradient layer 145 1s too thin 1n an opposite manner, S1
in the Si1 concentration gradient layer 145 or the high Si
concentration layer 14a 1s diffused into the light-emitting
portion during the growth thereof and defects are formed in
the light-emitting portion due to mfluence of the diffusion.
Theretfore, a decrease 1n light emission output occurs after
completing the semiconductor light-emitting element (light-
emitting diode). Then, the decrease 1n light emission output
significantly decreases reliability.

Based on the above, the total film thickness of the O-doped
GaN layer 13 as the first layer and the Si-doped GaN layer 14
as the second layer 1s preferably from 4 um to 10 um and,
when taking reproducibility into consideration, 5 to 9 um 1s
more preferable. In addition, the film thickness of the Si
concentration gradient layer 145 1s preferably from 0.3 to 1.5
um, and more preferably from 0.5 um to 1.0 um.

Meaning of Numerical Range of Carrier Concentration and
Impurity Concentration

A too high carrier concentration, 1.e., impurity concentra-
tion causes deterioration of crystalline characteristics, and
accordingly, the XRD half-value width 1s not narrowed. In
other words, crystal defects are not suificiently reduced. On
the other hand, when the carrier concentration 1s too low,
surface resistivity does not decrease. Therefore, the carrier
concentration and the impurity concentration of the O-doped
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GaN layer 13 as the first layer and the S1-doped GaN layer 14
as the second layer are preferably within the above-men-
tioned ranges.

If the carrier concentration on the outermost surface of the
S1 concentration gradient layer 145 which 1s a surface to be 1n
contact with the n-type nitride semiconductor layer 1s too
high, crystalline characteristics decrease and the XRD hali-
value width 1s not narrowed. In other words, crystal defects
are not sufficiently reduced. On the other hand, a too low
carrier concentration increases contact resistance with the
n-type nitride semiconductor layer, resulting in high forward
voltage after completing the semiconductor light-emitting,
clement (light-emitting diode). Therefore, the carrier concen-
tration of the portion of the S1 concentration gradient layer
145 1n contact with the n-type nitride semiconductor layer 1s
preferably within the above-mentioned range. One of carrier
concentration evaluation methods 1s based on evaluation by
the Van der Pauw method. A carrier concentration evaluated
by Van der Pauw method 1s an average carrier concentration
of the entire epitaxial layer. For example, when the carrier
concentration which varies in a film 1s evaluated by the Van
der Pauw method, an average carrier concentration of the film
1s obtained. Another carrier concentration evaluation method
1s CV method. While the Van der Pauw method 1s to measure
the average carrier concentration of the entire film, the CV
method 1s a method to measure a carrier concentration of the
surface. The carrier concentration of the surface of the Si1
concentration gradient layer 146 1s measured by the CV
method. The Si-impurity concentration and the O-impurity
concentration can be calculated based on SIMS (Secondary
Ion Mass Spectrometry) analysis.

The reason why the carrier concentration of the S1 concen-
tration gradient layer 145 1s gradient 1s that forward voltage
alter completing the semiconductor light-emitting element
(light-emitting diode) 1s lower than a graded (stepwise) con-
centration.

Meaning of Numerical Range of Surface Resistivity of
Template

The surface resistivity of the entire nitride semiconductor
template 10 should be not more than 30 €2/sq within the
above-mentioned preferred ranges of the carrier concentra-
tion and the film thickness. The more preferred surface resis-
tivity of the entire nitride semiconductor template 10 1s 10 to
30 £2/sqg. Too low surface resistivity degrades crystals. On the
other hand, too high surface resistivity increases forward
voltage after completing the semiconductor light-emitting,
clement (light-emitting diode).

Manufacturing Method

The nitride semiconductor template 10 1s preferably grown
by the HVPE method, and the growth rate thereof 1s prefer-
ably 30 to 300 um/hr, and more preferably 30 to 200 um/hr.
Growth by the HVPE method allows cost reduction since the
raw material cost 1s low and the growth rate 1s fast (in com-
parison to the MOVPE method and the MBE method). The
growth rate 1s determined to be 30 to 300 um/hr since too fast
growth rate causes difficulty 1n control and poor reproduc-
ibility. In case of forming the film by the HVPE method, Ga(Cl
1s produced using a gas such as hydrogen chloride (HCI) as a
raw material, and a GaN film 1s subsequently formed using
the GaCl as a Ga source. Accordingly, 1n the growth by the
HVPE method, a slight amount of Cl 1s inevitably mixed into
the epi1 layer. Therefore, by analyzing Cl 1n the epi layer, 1t 1s
possible to confirm that the HVPE method is used for film
formation. Use of the HVPE method can be 1dentified since
Cl 1s not mixed into the epi layer when other methods such as
the MOVPE method are used for growth.
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It 1s very difficult to grow the AIN bufler layer 12 by the
HVPE method. Therefore, the MOVEP method excellent 1n

controllability can be used only for forming the AIN buifer
layer 12, then using the HVPE method for the following
growth. However,, in light of the cost, all layers should be
grown by the HVPE method as 1s the first embodiment.
Effects of the F

[ N

Embodiment

The first embodiment achieves the following etiects.

(a) Since 1t 1s possible to achieve low resistance and defect
reduction, 1t 1s possible to reduce forward voltage and to
improve light extraction efliciency. In addition, due to the
structure 1 which diffusion of additive 1s suppressed, 1t 1s
possible to manufacture a nitride semiconductor template
which can be suitably used for application in a highly efficient
semiconductor light-emitting element.

(b) Since all layers of the nitride semiconductor template
are formed by the HVPE method, it is possible to significantly
reduce growth time. Therefore, 1t 1s possible to provide a
high-performance nitride semiconductor template at low
cost. In other words, this nitride semiconductor template 1s
usetul for a highly reliable semiconductor light-emitting ele-
ment (light-emitting diode) with high brightness.

Second Embodiment

FIG. 2A 1s a cross sectional view showing a nitride semi-
conductor template 1n a second embodiment of the invention.
It 1s basically the same as the cross sectional view of the
nitride semiconductor template in the first embodiment of the
invention shown in FIG. 1A. FIG. 2B 1s a principal-portion
cross sectional view showing a surface state of a substrate.
The second embodiment 1s different from the first embodi-
ment 1n that a planar substrate 110 which 1s flat without
having convex portions 115 on a surface 110q 1s used as a
substrate. For example, a sapphire substrate 1s used as the
planar substrate 110.

Third Embodiment

FIG. 3 1s a cross sectional view showing a light-emitting,
diode epitaxial water 1n a third embodiment of the invention.
In a light-emitting diode epitaxial water 20 in the third
embodiment, an n-type GaNlN layer 21 1s grown on the nitride
semiconductor template 10 shown 1n FIG. 1 or 2, six pairs of
InGaN/GaN multiple quantum well layers 22 are grown
thereon, and a p-type AlGaN layer 23 and a p-type GaN
contact layer 24 are grown thereon. The structures shown 1n
FIGS. 1 and 2 here are examples of the nitride semiconductor
template. The n-type GaN layer 21 1s an example ol the n-type
nitride semiconductor layer. The p-type AlGaN layer 23 and
the p-type GaN contact layer 24 are examples of a p-type
nitride semiconductor layer.

Fourth

Embodiment

FIG. 4 1s a cross sectional view showing a light-emitting,
diode 1n a fourth embodiment of the invention. In a blue LED
clement 30 as a light-emitting diode, a surface of the light-
emitting diode epitaxial water 20 shown 1n FIG. 3 1s partially
removed, a T1/Al electrode 31 as ann-type electrode 1s formed
on an exposed portion formed by exposing a portion of the Si
concentration gradient layer 145 of the nitride semiconductor
template 10, and a Ni/Au translucent electrode 32 and an
clectrode pad 33 as p-type electrodes are formed on the p-type
(GaN contact layer 24.

Although the mvention will be described 1n more detail
below in reference to Examples, the invention 1s not intended

to be limited thereto.

EXAMPLE 1

FIG. 5 1s a schematic view showing a structural example of
an HVPE apparatus in Examples of the invention. In Example
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1, 20 nm of the AIN buffer layer 12 was grown on the PSS
substrate 11 using an HVPE apparatus 1 shown 1n FIG. §, 6
um of the O-doped GaN layer 13 was subsequently grown
after the growth of the AIN bufler layer 12, and 2 um of the
Si1-doped GaN layer 14 was further grown thereon. 0.5 um of 5
the outermost layer of the Si-doped GaN layer 14 was grown
while changing the additive amount of S1. The layer formed
while gradually reducing the additive amount of S1 1s the Si
concentration gradient layer 14b. The HVPE apparatus 1 1s
divided into a raw material portion 3a located at upstream and 10
a growth portion 35 located at downstream, which are respec-
tively heated to about 850° C. and 1100° C. respectively by a
raw material portion heater 4a and a growth portion heater 45.

Four gas supply lines 6, which are a doping line 61, a group
V line 62, a group III (Ga) line 63 and a group I1I (Al) line 64, 15
are placed so as to be directed from the raw material portion
3a toward the growth portion 3b. Hydrogen, nitrogen or a
mixture gas of hydrogen and nitrogen 1s introduce through the
doping line 61 during the growth of, e.g., an undoped GaN
layer (un-GaN layer) when, e.g., doping 1s not carried out. In 20
case of, e.g., the Si1-doped layer, dichlorosilane as a S1 source
(hydrogen dilution: 100 ppm), HCI gas, and hydrogen or
nitrogen or a mixture gas of hydrogen and nitrogen are intro-
duced during the growth of the n-type GalN layer. Hydrogen,
nitrogen or a mixture gas of hydrogen and nitrogen as a carrier 25
gas 1s supplied, together with ammonia (NH,) as a raw mate-
rial, through the group V line 62. A Ga tank 7 containing a
gallium (Ga) solution 7a 1s provided on the group 111 (Ga) line
63, where a Ga(Cl gas as a group 11l raw matenal 1s produced
by a reaction of HCI gas with metal gallium and 1s fed to the 30
growth portion 3. In addition to HCI, hydrogen or nitrogen
or a mixture gas of hydrogen and nitrogen as a carrier gas 1s
supplied to the group 111 (Ga) line 63. An Al tank 8 containing
an aluminum (Al) pellet 8a 1s provided on the group II (Al)
line 64, where an AICl, gas as a group IIl raw material 1s 35
produced by a reaction of HCI gas with metal aluminum and
1s fed to the growth portion 3. In addition to HCI, hydrogen
or nitrogen or a mixture gas of hydrogen and nitrogen as a
carrier gas 1s supplied to the group III (Al) line 64.

The Al tank 8 located on the group III (Al) line 64 and 40
containing the aluminum (Al) pellet 8a 1s placed at a position
where temperature becomes 500 to 600° C. This 1s because
aluminum, if turned 1nto a solution, forms AICI at the time of
reaction with HCI gas and causes corrosion of silica. That 1s,
the Al tank 8 containing the aluminum (Al) pellet 8a 1s pro- 45
vided in aregion with a temperature lower than 660° C. which
1s a melting point of aluminum.

During baking which 1s carried out aiter the growth 1n order
to remove GalN-based deposit attached inside the HVPE
apparatus 1, HCI gas and hydrogen and nitrogen gases are 50
introduced through the doping line 61.

A tray 5 rotating at a rotational speed of about 3 to 100
r/min 1s placed in the growth portion 35, and the PSS substrate
11 1s mounted on a surface (mounting surface) Sa which faces
outlets of the gas supply lines 6. The gas flowing beyond the 55
PSS substrate 11 1s evacuated from the most downstream
portlon through an exhaust pipe 9. Substantially all of growth
in Example 1 was carried out at an ordinary pressure (1
atmospheric pressure).

The gas supply lines 6, the tanks 7, 8 and a tray rotating 60
shaft 56 are made of high purity silica, and the tray 5 1s made
of carbon coated with S1C.

(1) Preparation of Substrate

The PSS substrate 11 used here has a thickness o1 900 um,

a diameter of 100 mm (4 inches) and the convex portions 1156 65
arranged at the pitch p of 2.5 um and each having the heighth
of 1.5 um.
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(2) HVPE Growth

The HVPE growth was carried out as follows. After the
PSS substrate 11 was placed on the tray 5 of the HVPE
apparatus 1, the air 1n a reacting furnace 2 was removed by
supplying nitrogen therein. Next, the substrate was kept 1n a
mixture gas ol 3 slm of hydrogen and 7 slm of nitrogen at a
substrate temperature of 1100° C. for 10 minutes. After that,
in order to grow the AIN builer layer 12, 50 to 500 sccm of
HCI gas and 2000 to 24350 sccm of the mixture gas of hydro-
gen and nitrogen were simultaneously supplied through the
group 111 (Al) line 64. Meanwhile, 50 to 2450 sccm of NH,
and 50 to 2450 sccm of the mixture gas of hydrogen and
nitrogen were simultaneously supplied through the group V
line 62. 2500 sccm of the mixture gas of hydrogen and nitro-
gen was introduced 1nto each gas supply line 6 other than the
group III (Al) line 64 and the group V line 62. The total tlow
rate of the gas introduced through the gas supply lines 6 1s 10
slm.

Growth time for the AIN butfer layer 12 was 1 minute. The
growth time was determined to be 1 minute so that the AIN
builer layer 12 has a film thickness of 20 nm. In this regard,
the growth time was determined on the basis of the growth
rate derived by growing about 1 um of the AIN butfer layer12.

Following the growth of the AIN butffer layer 12, the
O-doped GaN layer 13 was grown at the growth rate of 60
um/hr. As the gas which 1s supplied at this time, 50 to 500
sccm of HCl gas and 2000 to 2450 sccm of the mixture gas of
hydrogen and nitrogen were simultaneously introduced
through the group III (Ga) line 63. Meanwhile, 50 to 2450
sccm of NH; and 50 to 2450 sccm of the mixture gas of
hydrogen and nitrogen were simultaneously supplied through
the group V line 62. In addition, O (oxygen) was introduced
through the doping line 61. The gases supplied through the
doping line 61 and the group III (Al) line 64 were each
adjusted to 2500 sccm so that the total flow rate 1s 10 slm. The
growth time of the O-doped GaN layer 13 1s 10 minutes. The
O (oxygen) supply was stopped when about 2 um of the
O-doped GaN layer 13 was grown.

After the growth of the O-doped GaN layer 13, the Si-
doped GaN layer 14 was grown for 3.5 minutes basically
under the same growth conditions by introducing Si through
the doping line 61. The flow rate of the S1 source at this time
was 75 sccm and the flow rate was, of course, adjusted to 10
slm.

After the high S1 concentration layer 14a of the Si-doped
GaN layer 14 was grown for 2.5 minutes, the flow rate of the
S1source was gradually reduced for the remaining 1 minute to
decrease the carrier concentration 1n a gradient manner. The
above-mentioned 1 minute 1s for growing the S1 concentra-
tion gradient layer 145 located at the uppermost portion of the
Si1-doped GaNN layer 14. Naturally, nitrogen gas was increased
in accordance with variation in the tflow rate of the S1 source
to maintain the total flow rate constant (the total flow rate of
10 slm).

After completing the growth of the S1 concentration gradi-
ent layer 145, the substrate was cooled until the substrate
temperature becomes room temperature while supplying 2
slm of NH, as well as maintaining the total flow rate of 10 slm.
After that, mitrogen purge was carried out for several ten
minutes to fill the reacting furnace 2 with nitrogen atmo-
sphere, and the nitride semiconductor template 10 shown 1n

FIG. 1 was taken out.

The XRD half-value width of the nitride semiconductor
template 10 manufactured as described above was 71.6 sec-
onds. Meanwhile, the result of evaluating the surface resis-
tivity of the nitride semiconductor template 10 by using a
non-contact resistivity measurement system was 17 £2/sq.
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Furthermore, the carrier concentration of the nitride semi-
conductor template 10 was measured by the Van der Pauw
method and the CV method. As a result, 1t was confirmed that
the average carrier concentration of the entire epitaxial layer
of the nitride semiconductor template 10 evaluated by the Van
der Pauw method was 1x10'® cm™, and the carrier concen-
tration of the S1 concentration gradient layer 1456 on the sur-
face of the Si-doped GaN layer 14 evaluated by the CV
method was 1x10'" cm™.

FIG. 6 shows a profile of an O (oxygen) concentration in
the nitride semiconductor template 10 by SIMS (Secondary
Ion Mass Spectrometry) analysis. FIG. 7 shows a profile of a
S1 (silicon) concentration 1n the nitride semiconductor tem-
plate 10 by SIMS. As shown 1n FIG. 6, the O-impurity con-
centration was not more than 3x10" cm™. As shown in FIG.
7, the Si-impurity concentration was 7x10'® cm™ in a stable
portion, gradually decreased from the high Si concentration
layer 14a toward the surface 1n a gradient manner, and was
1x107 cm™ at the outermost surface.

FIG. 8 1s a graph showing a relation between a film thick-
ness of the AIN buifer layer 12 and the XRD half-value wadth.

It 1sunderstood that, when the film thickness of the AIN butfer
layer 12 1s from 10 to 150 nm, the XRD half-value width 1s
small which 1s not more than 100.

FIG. 9 shows a SIMS analysis result of Cl 1n the nitride
semiconductor template 10 of Example 1. It 1s understood
that the nitride semiconductor template 10 was manufactured
by the HVPE method since Cl 1s present in the epitaxial layer.

(3) Epitaxial Growth for Light-Emitting Diode

The n-type GaN layer 21 was grown on the nitride semi-
conductor template 10 shown 1n FIG. 1 and six pairs of the
InGaN/GaN multiple quantum well layers 22 were further
grown thereon. Furthermore, the p-type AlGaN layer 23 and
the p-type GaN contact layer 24 were grown thereon. The
alorementioned laminated structure was cooled to around
room temperature aiter the growth thereof, thereby obtaining,
the light-emitting diode epitaxial water 20 shown in FIG. 3.
The HVPE method was used for growing the nitride semi-
conductor template 10, and the MOVPE method was used for
the growth of the n-type GaN layer 21 until the growth of the
p-type GaN contact layer 24.

(4) Manufacturing of Light-Emitting Diode (LED Ele-
ment)

A portion of the light-emitting diode epitaxial water 20
shown in FI1G. 3 on the front surface side was removed by RIE
(Reactive Ion Etching) to expose a portion of the Si concen-
tration gradient layer 145 of the nitride semiconductor tem-
plate 10, and the Ti/Al electrode 31 was formed thereon. The
Ni1/Au translucent electrode 32 and the electrode pad 33 were
turther formed on the p-type GaN contact layer 24, thereby
making the blue LED element 30 shown in FIG. 4. The
detailed manufacturing method will be described later.

Equipments used for a general photolithography process
such as resist or mask aligner and a well-known method were
used for forming the electrode pattern or the electrode.

Meanwhile, before element 1solation, an alloying process
which 1s alloying of electrode was carried out by heat-treating
in a nitrogen gas atmosphere at 400° C. for 5 minutes. After
that, the light-emitting diode epitaxial water 20 on which the
clectrodes configured as described above are formed was cut
using a dicing apparatus, thereby making the blue LED e¢le-
ment 30. Then, the blue LED element 30 was mounted on
(die-bonded to) a stem, and the mounted blue LED element
30 was further wire-bonded, thereby completing the blue
LED element 30.

When light-emitting characteristics of the blue LED ele-
ment 30 were evaluated at a current of 20 mA, emission peak
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wavelength was about 450 nm, and forward voltage (drive
voltage) of 3.28V and light emission output of 30 mW were
achieved. In addition, as a reliability test for the blue LED
clement 30, a power-on test was conducted for 1000 hours
under conditions of room temperature and the current of 50
mA. As a result, relative output (=(light emission output after

1000 hours of electric current conduction/initial light emis-
s1on output)x100) was 99.8% and did not deteriorate at all,
and 1t was thereby confirmed that the blue LED element 30
has sufficiently good reliability characteristics.

EXAMPLE 2

In Example 2, the nitride semiconductor template 10 was
made under the same basal conditions as Example 1. How-
ever, some features in Example 2 are different from Example
1. Accordingly, only the difference from Example 1 will be
described blow.

In Example 1, the O-doped GaN layer 13 was grown for
growth time of 10 minutes so as to have a thickness of about
6 um. Meanwhile, in Example 2, the O-doped GaN layer 13
was grown for growth time of 13 minutes so as to have a film
thickness of about 8 um. Accordingly, the total film thickness
of the epitaxial layer was about 10 um.

In addition, the gas supplied through the group I1I (Ga) line
63 was a mixture of 50 sccm of HCI gas, 450 sccm of hydro-
gen and 2000 sccm of nitrogen i Example 1 but was a
mixture of 2000 sccm of hydrogen and 450 sccm of nitrogen
in Example 2.

The nitride semiconductor template 10 1n Example 2 had a
narrow XRD half-value width of 50.1 seconds and surface
resistivity ol 11 £2/sq, hence, a better result than Example 1. In
addition, 1t was confirmed that the SIMS analysis result was
substantially the same as that 1n Example 1. In addition, even
though the epi1 layer of the nitride semiconductor template 10
has the large total film thickness of 10 um 1n this case, the
condition thereotf was good without cracks, etc., even though
warping increased slightly.

Furthermore, 1t was confirmed that characteristics of the
blue LED element 30 are equivalent to or better than those in
Example 1. Especially, forward voltage was lower than
Example 1, light emission output was 35 mW which 1s larger
than Example 1, and relative output was 99.6% which 1s
equivalent to Example 1.

EXAMPLE 3

In Example 3, the nitride semiconductor template 10 was
made under substantially the same conditions as those in
Example 1 so that the carrier concentration on the outermost
surface of the Si concentration gradient layer 145 is 5x10"’
cm™. The nitride semiconductor template 10 in Example 3
had a narrow XRD hali-value width of 74.5 seconds and
surface resistivity of 15 €2/sq. The 34 mW of light emission
output was achieved and relative output was 99.7%, and
therefore, 1t was confirmed that the blue LED element 30 has
suificient reliability characteristics.

EXAMPLE 4

In Example 4, the test was conducted under substantially
the same conditions as those 1n Example 2, but the O-doped
GaN layer 13 has a small film thickness of about 4 um. In the
nitride semiconductor template 10 of Example 4, a good
result was obtained such that the XRD half-value width was
86.9 seconds even though surface resistivity was 28 £2/sq
which shows slight deterioration. Meanwhile, the results of




US 8,829,489 B2

15

the characteristics of the blue LED element 30 were substan-
tially the same as Example 2, such that 35 mW of light
emission output was achieved and relative output was 100.1%
even though forward voltage increased slightly.

EXAMPLE 5

The same test as conducted in Example 1 was conducted on
the PSS substrate 11 having the convex portions 115 arranged
at the pitch p o1 0.5 to 6.0 um and having the height h 01 0.5
to 3.0 um. As aresult, in Example 5, the nitride semiconductor
template had a XRD half-value width of 71.6 seconds and
surface resistivity of 17 £2/sq, which 1s a good result. In
addition, similarly to Example 1, the good results were
obtained for the characteristics of the blue LED element 30,
such that 30 mW of light emission output was achieved and
relative output was 99.8%.

EXAMPLE 6

In Example 6, the test was conducted where substantially
all of the conditions are the same as those 1n Example 1.
However, in Example 6, so-called planar substrate 110 which
1s tlat and has a non-processed surface (see FIG. 2B) was used
instead of the PSS substrate 11 which is used in Example 1. In
the nitride semiconductor template 10 of Example 6, a good
result was obtained such that the XRD half-value width was
256.1 seconds even though surface resistivity was 20 €2/sq
which shows slight deterioration. Meanwhile, the results of
the characteristics of the blue LED element 30 were substan-
tially the same as Example 1 except that the light emission
output decreased to 15 mW which 1s about half of that 1n
Example 1. Especially, relative output which 1s an index of
reliability was 99.7%. The decrease 1n light emission output 1s
a logical result. The reason therefor 1s that light extraction
cificiency of the PSS substrate 11 1s high. Therefore, the
decrease 1n light emission output in Example 6 1s not caused
by the present invention. This will be clarified 1n below-
described Comparative Examples.

EXAMPLE 7

In Example 7, the test was conducted under substantially
the same conditions as those 1n Example 2. The difference
from Example 2 1s that the planar substrate 110 1s used as
described in Example 6. In the nitride semiconductor tem-
plate 10 of Example 7, the XRD half-value width was 213.4
seconds and surface resistivity was 19 D/sq. The obtained
evaluation results were better than those in Example 6. Mean-
while, the results of the characteristics of the blue LED ele-
ment 30 were substantially the same as Example 2 except
light emission output which was 19 mW. Especially, relative
output which 1s an 1ndex of reliability was 99.5%. The light
emission output was improved as compared to Example 1 and
was thus a good result.

EXAMPLE 8

In Example 8, the test was conducted under the same
growth conditions as those i Example 1. However, 1n
Example 8, the AIN builer layer 12 grown by the MOVPE
method was taken out once and the subsequent growth of the
O-doped GaN layer 13 and the Si-doped GaN layer 14 was
carried out by the HVPE method to make the nitride semi-
conductor template 10. Apart from this, all conditions are the
same as those 1n Example 1. Here, the film thickness of the

AIN butter layer 12 grown by the MOVPE method was 20
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nm. In the nitride semiconductor template 10 1n Example 8
manufactured under the above-mentioned conditions, the
good results equivalent to those in Example 1 were obtained,
which are the XRD half-value width of 70.9 seconds and
surface resistivity of 18/sq. In addition, substantially 1n the
same manner as Example 1, the good results were obtained
for the characteristics of the blue LED element 30, such that
light emission output was 31 mW and relative output was
99.7%. Accordingly, 1t was confirmed that the effects of the
invention are obtained even when the AIN buffer layer 12 1s
grown by the MOVPE method.

COMPARAIIVE EXAMPLE 1

FIG. 11 shows a profile of a S1 concentration 1n a nitride
semiconductor template 100 of Comparative Example 1 by
SIMS. FIG. 12 1s a cross sectional view showing the nitride
semiconductor template 1n Comparative Example 1. The

basic structure of the nitride semiconductor template 100 in
Comparative Example 1 1s the same as the structure of
Example 1 shown in FIG. 1. Accordingly, only the difference
from Example 1 will be described below.

The difference from Example 1 1s that the S1 concentration
gradient layer 145 1s not provided and the portion which was
for the S1 concentration gradient layer 145 1n Example 1 1s
also a high S1 concentration layer.

The XRD half-value width of the nitride semiconductor
template 100 manufactured as described above was 121.4
seconds. Meanwhile, as a result of evaluating surface resis-
tivity of the nitride semiconductor template 100 by using the
non-contact resistivity measurement system, the surface
resistivity was 7 €2/sq. The XRD half-value width was wide
due to deterioration of crystalline characteristics caused by
the high S1 concentration and defects were thereby generated,
and the surface resistivity decreased due to the large amount
of S1 addition according to the above results, 1.e., due to the
high carrier concentration.

Epitaxial growth for the light-emitting element was carried
out on the nitride semiconductor template 100 by the MOVPE
method. This growth by the MOV PE method was also carried
outunder the same conditions as those in Example 1. In detail,
multiple films can be simultaneously grown by the MOVPE
method and are thus simultaneously grown 1n Examples of
the imvention and Comparative Examples. In other words, the
epitaxial growth for the light-emitting element 1s simulta-
neous growth 1n all of Examples and Comparative Examples.
Therefore, variation 1s not present 1n the epitaxial growth for
the light-emitting element.

When light-emitting characteristics of the blue LED ele-
ment 1n Comparative Example 1 were evaluated at a current
of 20 mA, emission peak wavelength was about 453 nm,
forward voltage was 3.22V and light emission output was 20
mW. It1s presumed that the large amount of S1 addition causes
deterioration of crystalline characteristics, which results 1n
the wide XRD half-value width and the low light emission
output. In addition, the reason for the decrease 1n light emis-
s1ion output 1s also that thermal history causes S1 diffusion into
the light-emitting portion during film formation of the light-
emitting diode epitaxial water by the MOVPE method and
defects are thus formed since the S1 concentration gradient
layer 145 1s not provided. Considering that the relative output
as an mdex of reliability 1s decreased to 85.2%, 1t 1s obvious
that the diffused amount of S1 1s large.

COMPARAITIVE EXAMPLE 2

In Comparative Example 1, 1t was revealed that high S1
concentration in the Si-doped GalN layer 14 decreases reli-
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ability. Accordingly, in Comparative Example 2, it was
attempted to improve reliability by reducing the overall Si
concentration, 1.€., carrier concentration of the Si1-doped GalN
layer 14. In detail, 1n the mitride semiconductor template
having the same structure as Comparative Example 1, the S1
impurity concentration of the Si-doped GaN layer 14 was
maintained constant and the average carrier concentration
was maintained constantat 1x10"” cm™. The XRD half-value
width of the nitride semiconductor template manufactured
under the above-mentioned conditions was 118.1 seconds
and the measured surface resistivity was a high value of 45
(2/sq.

The reason why the surface resistivity did not decrease 1s
considered that the concentration was uniformly low such as
1x10"" cm™ without providing the Si concentration gradient
layer 145 1n the upper portion of the Si-doped GaN layer 14.

Meanwhile, the characteristics of the blue LED element
manufactured using the above-mentioned nitride semicon-
ductor template were such that forward voltage was not less
than 4V and light emission output was 17 mW. As for reli-
ability of the blue LED element at the time of conducting
clectric current, relative output was 21.4% also due to the
influence of heat caused by the increased forward voltage.
The average carrier concentration was, of course, evaluated

by the Van der Pauw method and 1t was confirmed that the
average carrier concentration was as planned.

COMPARAIIVE EXAMPLE 3

Comparative Example 3 1s for the purpose of comparison
with Examples 6 and 7.

That 1s, the planar substrate 110 1s used as a substrate as
shown 1n FIG. 13. In Comparative Example 3, substantially
the entire structure 1s the same as Example 6, and the condi-
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defects generated by the high Si1 concentration. The surface
resistivity decreased due to the above-mentioned results and
the large amount of S1 addition, 1.e., the high carrier concen-
tration.

When light-emitting characteristics of the blue LED ele-
ment 1n Comparative Example 3 were evaluated at a current
of 20 mA, emission peak wavelength was about 456 nm,
forward voltage was 3.12V and light emission output was 10
mW. It1s presumed that the large amount of S1addition causes

deterioration of crystalline characteristics, which results 1n
the wide XRD half-value width and the low light emission
output. In addition, the reason for the decrease 1n light emis-
sion output 1s also that thermal history causes S1 diffusion into
the light-emitting portion during film formation of the light-
emitting diode epitaxial water by the MOVPE method and
defects are thus formed since the S1 concentration gradient
layer 145 1s not provided. Considering that the relative output
as an 1ndex of reliability 1s decreased to 78.4%, 1t 1s obvious
that the diffused amount of 51 1s large.

Use of the planar substrate 110 causes a decrease 1n light
emission output in both of Examples 6 and 7 as compared to
the case of using the PSS substrate 11, and 1n addition, the
light emission output in Comparative Example 3 having the
same structure in which the planar substrate 110 1s used 1s
lower than Examples 6 and 7. Therefore, 1t 1s natural that the
light emission outputs 1n Examples 6 and 7 are lower than
those 1n other Examples in which the PSS substrate 11 1s used.
Form the results of Comparative Example 3, it 1s understood
that the reason why the light emission outputs in Examples 6
and 7 are greatly lower than those 1n other Examples 1s the
influence of a difference 1n light extraction efficiency between
substrates.

Table 1 shows the summary of Examples and Comparative
Examples.

TABLE 1

Surface resistivity XRD half-value width
Substrate (€2/sq.) (second) Remarks

Example 1 PSS substrate 17 71.6 t13=6 um, Ds=1x 10! cm™
Example 2 PSS substrate 11 50.1 t13 =% um
Example 3 PSS substrate 15 74.5 Ds=5x 10" cm™
Example 4 PSS substrate 28 86.9 t13 =4 pum
Example 3 PSS substrate 17 71.6 Pitch and height of convex portion are changed.
Example 6  planar substrate 20 256.1 Same as Example 1 except substrate
Example 7  planar substrate 19 213.4 t13 =8 um
Example 8 PSS substrate 18 70.9 AIN buffer layer 1s made by MOVPE method.
Comparative PSS substrate 7 121.4 Without S1 concentration gradient layer,
Example 1 Ds=6x10"®em™
Comparative PSS substrate 45 118.1 Without S1 concentration gradient layer,
Example 2 Ds=1x 10" ¢cm™
Comparative planar substrate 9 306.9 Without S1 concentration gradient layer,
Example 3

Ds=7x 10% cm™

t 13: Thickness of O-doped GGaN layer, Ds: Carrier concentration on the outermost surface

tions, the method of making the element and the characteris-
tics evaluation method are also the same. Only the difference
from Example 6 will be described below.

The difference from Example 6 1s that the S1 concentration
gradient layer 145 1s not provided and the portion which was
for the S1 concentration gradient layer 145 1n Example 6 1s
also a high S1 concentration layer.

The XRD half-value width of a nitride semiconductor tem-
plate 300 manufactured as described above was 306.9 sec-
onds. Meanwhile, as a result of evaluating surface resistivity
of the nitride semiconductor template 300 by using the non-

contact resistivity measurement system, the surface resistiv-
ity was 9/sq. The XRD half-value width was wide due to
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Modification 1

Even when the S1 impurity concentration of the high Si1
concentration layer 14a 1s increased on the O-doped GaN
layer 13 side and 1s decreased on the S1 concentration gradient
layer 145 side 1n a stepwise manner so that the average carrier
concentration of the Si-doped GaN layer 14 1s maintained
constant as shown 1n FIG. 10, the same effects as the embodi-
ments and Examples are obtained as long as the S1 concen-
tration gradient layer 145 1s provided.

Modification 2

Since the invention 1s related to a GaN-based film provided
on a substrate, 1t 1s easy to assume that the eflects intended by
the invention will be obtained even 11 the buffer layer 1s not

formed of AIN.
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It should be noted that the ivention 1s not intended to be
limited to the embodiments and Examples, and the various
kinds of modifications can be implemented without changing,
the gist of the invention. In addition, some constituent ele-
ments 1n each embodiment and each Example can be omitted
or arbitrarily combined without changing the gist of the
invention, and steps 1n the flow of each embodiment and each
Example can be added, deleted, modified or replaced.

What 1s claimed 1s:
1. A nitride semiconductor template, comprising:

a substrate; and
a group III nitride semiconductor layer formed on the sub-

strate and comprising a Si-doped layer doped with S1 as
an uppermost layer thereof,
wherein the group III nitride semiconductor layer has a
total thickness of not less than 4 um and not more than 10
uwm, and
wherein the Si-doped layer comprises a S1 concentration
gradient layer having a carrier concentration that gradu-
ally decreases toward an outermost surtace thereof so as
to be notless than 1x10" " cm™ and not more than 5x10"’
cm ™ at the outermost surface of the group III nitride
semiconductor layer.
2. The mitride semiconductor template according to claim
1, wherein the group III nitride semiconductor layer com-
prises an O-doped layer doped with O (oxygen) between the
substrate and the Si-doped layer.
3. The nmitride semiconductor template according to claim
2, wherein the O-doped layer has an O-impurity concentra-
tion of not less than 1x10'° cm™ and not more than 3x10"”
cm™ and an average carrier concentration in a thickness
direction of not less than 8x10'" ¢m™ and not more than
1x10"% cm™.
4. The nitride semiconductor template according to claim
1, wherein the Si-doped layer comprises a high S1 concentra-
tion layer having a umiform carrier concentration in a thick-
ness direction, and
wherein the S1 concentration gradient layer has a carrier
concentration that gradually decreases from the high Si
concentration layer toward the outermost surface.
5. The nitride semiconductor template according to claim
4, wherein the carrier concentration of the high S1 concentra-

tion layer is not less than 1x10"” cm™ and not more than
1x10'” cm™.
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6. The nitride semiconductor template according to claim
1, wherein the substrate comprises a PSS (Patterned Sapphire
Substrate) comprising a plurality of convex portions on a
surface thereof.

7. The mitride semiconductor template according to claim
1, wherein the template has a surface resistivity of not less

than 10 €2/sq and not more than 30 £2/sq.

8. The nitride semiconductor template according to claim
1, wherein the template has a half-value width at a (0004)
plane of not more than 100 seconds by X-ray diffraction
measurement.

9. A light-emitting diode, comprising;:

a sapphire substrate;

an AIN butfer layer formed on the sapphire substrate;

an n-type group III nitride semiconductor layer formed on

the AIN butfer layer;

a multiple quantum well layer formed on the n-type group
III mitride semiconductor layer;

a p-type nitride semiconductor layer formed on the mul-
tiple quantum well layer;

an exposed portion of the n-type group I nitride semicon-
ductor layer formed by etching from the p-type nitride
semiconductor layer to the n-type group 111 nitride semi-
conductor layer;

an n-type electrode formed on the exposed portion of the
n-type group III nitride semiconductor layer; and

a p-type electrode formed on the p-type nitride semicon-
ductor layer,

wherein the n-type group 11l nitride semiconductor layer
comprises a group I nitride semiconductor layer com-
prising a Si-doped layer doped with S1 as an uppermost
layer thereof,

wherein the group III mitride semiconductor layer has a
total thickness of not less than 4 um and not more than 10
um, and

wherein the Si-doped layer comprises a S1 concentration
gradient layer having a carrier concentration that gradu-
ally decreases toward an outermost surface thereof so as
to be not less than 1x10" " cm ™ and not more than 5x10"’
cm™ at the outermost surface of the group III nitride
semiconductor layer.

G o e = x
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